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Abstract

The protozoan parasite Neospora caninum is a major cause of abortion in cattle. The diagnosis of neosporosis-associated
mortality and abortion in cattle is difficult. In the present paper we review histologic, serologic, immunohistochemical, and
molecular methods for dignosis of bovine neosporosis. Although not a routine method of diagnosis, methods to isolate viable N.
caninum from bovine tissues are also reviewed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction, general biology, and clinical
signs

The protozoan parasite Neospora caninum is a
major cause of abortion in cattle worldwide (Dubey,
2003). N. caninum causes abortion in both dairy and
beef cattle. Cows of any age may abort from 3 months
gestation to term with most abortions occurring at 5-6
months gestation. Fetuses may die in utero, be
resorbed, mummified, autolyzed, stillborn, born alive
with clinical signs, or born clinically normal but
persistently infected. Neosporosis-induced abortions
occur year-round (Anderson et al., 1991; Thurmond
etal., 1995; Wouda et al., 1998a). There is no evidence
that incidence of neosporosis has changed over a
decade. Both dairy and beef cattle with antibodies to
N. caninum (seropositive) are more likely to abort than
seronegative cows (Davison et al., 1999d; De
Meerschman et al., 2000; Moen et al., 1998; Moore
et al., 2003; Thurmond and Hietala, 1997; Waldner,
2005; Wouda et al., 1998a) and up to 95% of live born
calves from seropositive dams will be congenitally
infected and clinically normal (e.g. Paré et al., 1996).
The age of dam, lactation number, and history of
abortion have been reported not to affect the rate of
congenital infection (Paré et al., 1996) although this
conclusion is contradicted by other reports in which
vertical transmission was shown to be more efficient in
younger than older cows (Dijkstra et al., 2003;
Thurmond and Hietala, 1997; Wouda et al., 1998a).

Neosporosis-associated abortion problems in bovine
herds may have an epidemic or endemic pattern. There
is evidence from epidemiological studies that epidemic
N. caninum-associated abortions are caused by post-
natal infection of naive cattle most likely via the
exposure to oocyst contaminated feed or water (Jenkins
et al., 2000; McAllister et al., 2000; Sager et al., 2005;
Schares et al., 2002). In some epidemic herd outbreaks
as many as 57% of pregnant dairy cows have been

reported to abort over just a few weeks up to months
(Jenkins et al., 2000; McAllister et al., 1996a, 2000;
Moen et al., 1998; Schares et al., 2002; Thornton et al.,
1994; Wouda et al., 1999; Yaeger et al., 1994). Abortion
outbreaks have been defined as epidemic if more than
10%, 12.5% or 15% of cows at risk abort within 4, 6 or 8
weeks (Moen et al., 1998; Schares et al., 2002; Wouda
et al., 1999). Epidemiologic data indicate evidence for
protective immunity to N. caninum-associated abortion
when chronically infected dams are re-infected
horizontally (McAllister et al., 2000). This was
confirmed when naturally infected dams received an
experimental challenge infection (Williams et al.,
2003). Fetuses of dams, experimentally infected prior
to gestation, were also protected against an exogenous
transplacental infection (Innes et al., 2001).

In cattle herds with endemic abortion due to
neosporosis there is often a positive association
between the serostatus of mothers and daughters,
i.e. there is evidence that the major route of
transmission in these herds is vertical (Schares
et al., 2002; Thurmond et al., 1997). There is evidence
that the recrudescence of latent infection during
gestation is responsible for an increased abortion risk
(Guy et al., 2001; Paré et al., 1997; Stenlund et al.,
1999). Several studies demonstrate that chronically
infected seropositive cows have an about two- to three-
fold increased risk of abortion compared to serone-
gative dams (Paré et al., 1997; Pfeiffer et al., 2002;
Wouda et al., 1998a). Thurmond and Hietala (1997)
observed a 7.4-fold higher risk of abortion during the
first gestation of congenitally infected heifers. A small
proportion (<5%) of cows may have repeated abortion
due to neosporosis (Anderson et al., 1995).

Clinical signs, other than abortion, which have only
been reported in calves <4 months of age, include
neurologic signs, an inability to rise and below
average birthweight. The hind limbs and/or the
forelimbs may be flexed or hyperextended and
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neurologic examination may reveal ataxia, decreased
patellar reflexes, and loss of conscious proprioception.
Exophthalmia or an asymmetrical appearance in the
eyes may be achieved and occasionally birth defects
including hydrocephalus and a narrowing of the spinal
cord may occur (Barr et al., 1991b, 1993; Dubey et al.,
1998a, 1990a; Dubey and De Lahunta, 1993; De
Meerschman et al., 2005).

2. Cause—effect relationship between
N. caninum and abortion

Review of all published data indicates that
N. caninum is a primary abortifacient in cattle (Dubey,
2003; Dubey et al., 2006). The lesions associated with
N. caninum in the brains and the hearts of aborted
fetuses can be severe enough to kill the fetus. In
addition, there is recent evidence that an infection with
N. caninum also triggers the release of pro-inflam-
matory cytokines and a Th1-type immuneresponse at
the materno—fetal interface—a type of immunere-
sponse which could be detrimental for the pregnancy
(Innes et al., 2005). Thus, cases may exist in which the
fetus is not killed directly because of the N. caninum-
associated lesions but by the shift from a beneficial
Th2-type towards a detrimental Thl-type immuno-
response during gestation.

The seroprevalence of N. caninum in dairy cattle
can be very high, approaching 100% in certain herds
and the parasite is very efficiently transmitted from the
infected dam to the fetus. These facts make it difficult
to establish N. caninum as an abortifacient because an
infection with the parasite could also be demonstra-
ted in the aborted fetus or its mother even when
N. caninum was not the cause of abortion.

To establish a cause—effect relationship it is
important to use a comprehensive diagnostic approach
utilizing serologic, immunohistochemical, and other
methods to demonstrate the infection in the dam and
the aborted fetus (Fig. 1). To achieve this objective, it
is important to demonstrate N. caninum tachyzoites in
lesions and exclude other causes of abortion (Ander-
son et al., 1991; Barr et al., 1991a; Wouda et al.,
1997b). If the examination of maternal sera, fetal body
fluids or fetal tissues is N. caninum positive by
serology or PCR, the abortion might be associated
with N. caninum, but it is important to rule out other

potential causes at this stage (Fig. 1; diagnosis—step
D). If lesions in the brains and hearts are very severe
and N. caninum tachyzoites are demonstrable in
lesions it might be justified at this stage to conclude
that N. caninum is the very likely abortion cause
(Fig. 1; diagnosis—step II). However, the decision
whether lesions are or are not compatible with the life
of a fetus is solely based on the experience of the
examiner and there are to date no objective criteria. It
has to be borne in mind that also in cases where no
fatal lesions are observed N. caninum could have been
the cause of abortion. Parasite loads in fetuses from
epidemic abortion outbreaks may be higher than in
those from endemic abortion and may be higher in
fetuses aborted during the first and second trimester
than in those that died in the last trimester (Collantes-
Fernandez et al., 2005; Wouda et al., 1997b). Thus,
using less sensitive parasite detection methods under
particular circumstances (endemic abortion, late
gestation) may cause false negative results.

In cases when fetuses have not been submitted for
examination or the fetal examination revealed no or
only mild histologic lesions although there is evidence
for an infection either by fetal or maternal serology or
by a positive PCR it is important to examine the
abortion problem within the group of animals with an
abortion risk (Thurmond and Hietala, 1995). The
rationale is to determine if among these dams with an
abortion risk the N. caninum seroprevalence in aborting
cows is higher than in the non-aborting (Fig. 1). The
differences in seropositivity between aborting and non-
aborting dams can be assessed by statistical procedures
such as the chi-square or Fisher exact test. If there is a
statistically significant association between a positive
N. caninum antibody response and abortion it is justified
to conclude that it is very likely that N. caninum was the
cause of abortion (Fig. 1; diagnosis—step II). ‘Dams at
risk’ have to be defined different in herds with endemic
abortion problems versus herds with outbreaks. In
endemic cases, the ‘dams at risk’ are defined as those
which were pregnant during the period of time when the
abortion problem occurred, e.g. during the past months
or eventually years. In epidemic outbreaks ‘dams at
risk” might be defined as those which were pregnant
for 58 to 260 days when the abortion storm started
(Schares et al., 2002). It has to be borne in mind that in
particular serological tests, aborting dams from herds
with endemic bovine abortion have higher antibody



4 J.P. Dubey, G. Schares/Veterinary Parasitology 140 (2006) 1-34

Catte herd
with an abortion
problem

Slibmission Gtseia Submission of aborted Data co'llectnon
e aboncH damao fetuses on abortions and

veterinary laboratories anciplacenias. o Ieptndfyin
Y veterinary laboratories the cattle herd

Abortion
series started
recently and

PCR
positive?
Characteristic
microscopical lesions?
Fetal fluids
antibody
positive?,

Other
abortion-
cause?

Sera
antibody
positive?

Yes

En-
demic

Epi-

Diagnosis - step I: borti demic
Itis not unlikely that N. caninum was 2 orllon abortion
the abortion cause; problem problem

other causes are still possible

Define the ,dams at risk";
Submission of sera collected from these
dams for serological examination

esions N. caninum-
associated and not
compartible with

Statistically
significant association
between positive N. caninum
antibody response and
abortion?

No

Diagnosis — step Il:
N. caninum was <
very likely the abortion cause Yes

Other
abortion
cause?

Fig. 1. Diagnosis of N. caninum-associated abortion. The serologic examination of maternal sera and fetal body fluids as well as the histological
and the PCR analysis may provide first but not yet definitive evidence for a N. caninum-associated abortion (diagnosis—step I). If the lesions in
fetal tissues are judged by a pathologist to be not compatible with life and if these lesions are immunohistochemically linked to N. caninum it may
be justified to conclude that the abortion is caused by N. caninum (diagnosis—step II). The involvement of N. caninum in bovine abortion may
also be confirmed by the observation of a statistically significant association between seropositivity and abortion within the group of dams with
an abortion risk (‘dams at risk’). Definitions for ‘dams at risk’ are provided in the text.

levels than dams from herds afflicted by a recent their antibody response is still not completely devel-
abortion outbreak (Schares et al., 1999c¢; Schares et al., oped. Using a less sensitive serological test in an
2000)—possibly because dams in epidemic situations epidemic situation may cause false negative serological

experienced primary infections very recently, i.e., results. In case of inconclusive serological results a
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re-examination of aborting dams a few weeks
later seems to be advisable (Schares and Rauser,
unpublished).

3. Diagnosis of bovine neosporosis
3.1. Histopathologic

3.1.1. Lesions

Pathology is an important diagnostic procedure
with lesions typically found in several tissues were
reviewed in detail by Dubey et al. (2006). Salient
features are repeated here.

3.1.1.1. Fetuses and stillborn calves. Degenerative
to inflammatory lesions may be found throughout fetal
tissues, but are most common in the central nervous
system (CNS), heart, and the liver (Anderson et al.,
1991; Barr et al., 1990, 1991a; Boger and Hattel, 2003;
Dubey et al., 1998a, 1990b; Dubey et al., 2006; Hattel
et al., 1998; Helman et al., 1998; Nietfeld et al., 1992;
Wouda et al., 1997b). Gross lesions are rare, but may
be present in heart, skeletal muscle, and the brain. Pale
white foci may be present in skeletal muscles and the
heart. Minute pale to dark foci of necrosis in the brain
and hydrocephalus may occur (Dubey et al., 1998a).
Often the fetuses are autolyzed and mummified. Focal
areas of discoloration may be present in placental
cotyledons (Fioretti et al., 2003).

Microscopic lesions may be present in many organs
but are more common in the CNS, heart, liver, and
examples are shown in Fig. 2.

Neural lesions are present in both the spinal cord
and the brain and consist of non-suppurative
encephalomyelitis characterized by multifocal non-
suppurative infiltration, with or without multifocal
necrosis and multifocal to diffuse non-suppurative
leukocytic infiltration of the meninges. The char-
acteristic lesion of neosporosis in the CNS consists of
a focus of mononuclear cell infiltration around a
central area of necrosis (Fig. 2A). Glial proliferation is
more common in fetuses aborted in the third trimester
(Dubey et al., 2006). Occasionally, there is calcifica-
tion (Boulton et al., 1995).

Myocardial lesions are severe, but are often masked
by autolysis. Typically, myocardial lesions consist of
focal infiltration of mononuclear cells with minimal

necrosis (Fig. 2C). Hepatic lesions consist of periportal
infiltrations of mononuclear cells and variable foci of
hepatocellular necrosis (Fig. 2D) with associated
intrasinusoidal fibrin thrombi (Barr et al., 1990; Wouda
et al., 1997b). Periportal hepatitis was more severe in
epidemic versus endemic abortions, i.e. in exogenous
versus endogenous transplacental infection. Collantes-
Fernandez et al. (2005) compared parasite load and
severity of lesions in fetuses from epidemic and
endemic abortions and fetuses at different stages of
pregnancy. They concluded that the lesions and parasite
loads in the heart, brain, lung, liver, kidney and lung
were higher in fetuses from epidemic than endemic
abortions. The stage of the pregnancy at the time of
abortion also influenced the lesions and parasite loads;
lesions and parasite load were higher in fetuses during
the first and second trimester than the last trimester
(Collantes-Fernandez et al., 2005).

Placental lesions typically are confined to the
cotyledons and consist of a focal area of necrosis and
non-suppurative inflammation; tachyzoites are present
in the trophoblasts (Barr et al., 1990, 1991a; Bergeron
etal.,2001; Otter et al., 1995; Shivaprasad et al., 1989).
The genesis of placental lesions in experimental infe-
ctions was recently summarized (Dubey et al., 2006).

3.1.1.2. Neonatal calves. It seems that very few
congenitally infected calves have clinical signs and it
is difficult to find N. caninum histologically even in
calves with clinical disease. In one study, N. caninum
was found in histological sections of only one of the six
calves that were born with neurological signs and that
had precolostral N. caninum antibodies (De Meersch-
man et al., 2005). Encephalomyelitis was the pre-
dominant lesion in calves born live but clinically
affected, or that developed clinical illness soon after
birth and were necropsied by 2 weeks of age (Anderson
et al., 1997; Barr et al., 1991b, 1993; De Meerschman
et al., 2005; Dubey and Lindsay, 1996; Dubey et al.,
1989, 1992; Magnino et al., 1999; O’ Toole and Jeffrey,
1987, Parish et al., 1987; Peters et al., 2001a).

3.1.1.3. Adult cattle. N. caninum has not yet been
identified in stained histological sections of tissues of
cattle older than 2 months. Therefore, specificity of
N. caninum-associated lesions has not been verified.
Sawada et al. (2000) reported gliosis, and perivascular
cuffs in the CNS, focal myositis and myocarditis, and
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Table 1
Neospora caninum isolates from cattle
Country Strain Source Primary isolation Reference

Trypsin treatment Cell culture Mice, gerbils

Australia NC-Nowra Calf 7-day old 0.05% trypsin, 30 min ~ Vero KO Miller et al. (2002)
Brazil BCN/PR3  Fetus 0.05% trypsin, 30 min ~ Vero SW, gerbils  Locatelli-Dittrich et al. (2004)
Brazil BNC-PR1  Calf 3-month old 0.05% trypsin, 30 min ~ Vero No Locatelli-Dittrich et al. (2003)
Italy NC-PVI Calf 45-day old 0.25% trypsin, 45 min ~ Vero No Magnino et al. (1999, 2000)
Ttaly NC-PGI Calf 8-month old None Vero Sw? Fioretti et al. (2000)
Japan JPA-1 Calf 2-week old 0.25% trypsin, 45 min  CPAE Nude Yamane et al. (1997)
Japan BT-3 Adult cow None No Nude Sawada et al. (2000)
Korea KBA-1 Calf 1-day old 0.25% trypsin, 30 min ~ Vero No Kim et al. (1998a, 2000)
Korea KBA-2 Fetus 0.25% trypsin, 30 min ~ Vero No Kim et al. (1998b, 2000)
Malaysia Nc-MalB1  Calf 1-day old (died) None No BALB/c Cheah et al. (2004)
New Zealand NcNZ 1 Cow 2% trypsin, 30 min Vero No Okeoma et al. (2004b)
New Zealand NcNZ 2 Calf 2-day old 2% trypsin, 30 min Vero No Okeoma et al. (2004b)
New Zealand NcNZ 3 Stillborn 2% trypsin, 30 min Vero No Okeoma et al. (2004b)
Portugal NC-Portol  Fetus 2% trypsin, 60 min No SW¢ Canada et al. (2002a)
Spain NC-SP-1 Fetus 2% trypsin, 60 min No Swe Canada et al. (2004b)
Sweden NC-SweB1  Stillborn 0.25% trypsin, 30 min®  Vero No Stenlund et al. (1997)
UK NC-LivB1  Stillborn 0.5% trypsin, 30 min Vero No Davison et al. (1999b)
UK NC-LivB2  Fetus NI® NI NI Trees and Williams (2000)
USA BPA-1 Fetus 0.05% trypsin, 1 h No No Conrad et al. (1993a)
USA BPA-2 Fetus 0.05% trypsin, 1 h No No Conrad et al. (1993a)
USA BPA-3 Calf 2-day old NI CPAE No Marsh et al. (1995)
USA BPA-4 Calf 6-day old NI CPAE No Marsh et al. (1995)
USA NC-Beef Calf NI NI NI McAllister et al. (1998, 2000)
USA NC-Illinois  Calf NI NI NI Gondim et al. (2002)

* Swiss Webster, 2.5 mg methylprednisolone acetate.

® NI = No information provided.

¢ Dexamethasone 10 pg/ml.

4 Parasites concentrated by centrifugation in 30% Percoll.

infiltrates of mononuclear cells in the liver and kidney
of a cow from whom they isolated viable N. caninum
(Table 1). Fioretti et al. (2000) reported focal
myocarditis but no encephalitis in the 8-month old
calf from whom they had isolated N. caninum
(Table 1). They also found tachyzoites in sections
of the heart that reacted with N. caninum antibodies.
However, a closer examination of the illustrations in
the paper suggests that the parasites most likely
observed are sarcocysts of Sarcocystis.

3.1.2. Demonstration of N. caninum in
hematoxylin and eosin (H and E) sections

The number of N. caninum found in bovine tissues is
typically low even in well preserved dead fetuses to the
extent that it is difficult to recognize tachyzoites in
routine H and E stained sections. The parasite-initiated
response that kills the host cells also kills the parasite
and therefore it is rare to find well preserved intact

tachyzoites in dead fetuses (Dubey and Lindsay, 1996;
Dubey et al., 2006). The genesis of lesions and the
appearance of N. caninum tachyzoites and tissue cysts
in H and E stained sections were illustrated recently
(Dubey etal., 2006). In H and E sections the tachyzoites
are often round to slightly elongate and it is important to
look for the vesicular nucleus to distinguish them from
degenerating host cells. Rarely the tachyzoites are cut
longitudinally to be seen as crescentric (Dubey et al.,
2006). In bovine tissues N. caninum tissue cysts are 5—
50 pm in diameter and the thickness of the cyst wall
varies from <1 to 2.5 pwm; thickness of the cyst wall is
independent of the size of the tissue cyst. Bradyzoites in
tissue cysts have a terminally located nucleus and they
stain red with periodic acid Schiff (PAS) reaction
(Dubey et al., 2002).

If apicomlexan-like protozoa are found in the brain
of bovine aborted fetuses, they can be assumed to be
N. caninum. Toxoplasma gondii and Sarcocystis cruzi
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are the two other related protozoans that are abortifa-
cient. S. cruzi schizonts occur in endothelial cells and
have immature stages consisting of multiple nuclei
without merozoites whereas in N. caninum and T. gondii
there is no immature stage; ultrastructurally Sarcocystis
merozoites lack rhoptries. 7. gondii is morphologically
similar to N. caninum. Although T. gondii DNA was
detected in (Ellis, 1998; Gottstein et al., 1998; Sager
etal.,2001) and T. gondii could be isolated from aborted
bovine fetuses (Canada et al., 2002b) there is no
documented case of a proven T. gondii-associated
abortion in cattle.

3.1.3. Immunohistochemical staining

Immunohistochemical staining is more reliable
to demonstrate N. caninum in lesions than the
conventional H and E staining and all tissues showing
lesions should be treated immunohistochemically for
N. caninum to exclude neosporosis (Boger and Hattel,
2003). Both polyclonal and monoclonal antibodies
specific to N. caninum can be used (Cole et al., 1994,
Lindsay and Dubey, 1989a) and both polyclonal and
monoclonal N. caninum antibodies are commercially
available. Polyclonal antibodies made in rabbits seem
to be more reliable than the mouse-derived mono-
clonal antibodies for diagnostic purposes (Schares and
Dubey, unpublished observation). Cross-reactivity of
N. caninum antibodies to related apicomplexans,
T. gondii, and Sarcocystis spp. is not a major issue
because these protozoans are rarely associated with
abortion in cattle (Anderson et al., 1991; Canada et al.,
2002b). However, a recent interlaboratory comparison
of immunohistochemical protocols revealed false-
positive N. caninum reactions in tissue sections of an
T. gondii infected animal (Van Maanen et al., 2004).

Groups of tachyzoites often cannot be distin-
guished from tissue cysts based on immunohisto-
chemistry unless bradyzoite-specific antibodies are
used (McAllister et al., 1996b). Tissues with high
concentration of peroxidase, especially placenta,
should be treated with trypsin or pepsin and the
procedure used in our laboratory is outlined in Dubey
et al. (2001). The diagnosis should not be made unless
parasite outlines are visible because diffuse staining
may be non-specific.

By immunohistochemical staining N. caninum is
most often demonstrable in the brain and heart and
rarely in other organs, including the placenta. In the

study by Wouda et al. (1997b), N. caninum was found
in the brain of 71 (89%), heart of 11 (14%) and in the
liver of 21 (26%) of 80 fetuses. Wouda et al. (1997b)
also found that there were more N. caninum organisms
in epidemic versus endemic cases of abortion.
Occasionally, N. caninum may be demonstrated only
in extraneural tissues (Boger and Hattel, 2003).

3.2. Demonstration of viable N. caninum

Attempts at isolation of viable N. caninum by
bioassay in mice or cell culture have been largely
unsuccessful. N. caninum has been isolated from
seven aborted fetuses, three stillborns, nine 1-14-day
old clinical calves, one 45-day old clinical calf, one 3-
month old blind calf, one 8-month old asymptomatic
calf, and two adult asymptomatic cows (Table 1). In
addition to the reports in Table 1, N. caninum was
isolated in cell cultures inoculated with homogenates
of brain and spinal cords of two neonatal calves with
precolostral antibodies; no other details were provided
(Anderson et al., 1997). Many attempts to isolate
viable N. caninum have been unsuccessful because
most parasite stages die within the fetus when it
succumbs to the infection. Probably for this reason,
Conrad et al. (1993a) recovered N. caninum from only
two of 49 histologically confirmed N. caninum-
infected fetuses, and in both instances tissue cysts
were present. It is easier to isolate N. caninum from
neural tissues of congenitally infected full-term
calves, perhaps because tissue cysts are likely to be
present and tissue cysts are relatively more resistant to
autolysis than tachyzoites. For concentration of the
parasites, host tissue (brain, spinal cord) can be
digested in trypsin or pepsin. It should be borne in
mind that tachyzoites can be killed by pepsin whereas
bradyzoites may not be, depending on the duration of
digestion process. As can be seen from the data in
Table 1 there is no standardized method to isolate
N. caninum from bovine tissues. We homogenize
tissues in saline (0.85% NaCl) in a blender to prepare a
20% weight/volume suspension and add an equal
volume of 0.5% trypsin in saline or acid pepsin (Dubey,
1998) and incubate at 37 °C for 30—60 min on a shaker.
After centrifugations and washings the sediment is
suspended in antibiotic saline (1000 units penicillin,
100 pg streptomycin/ml of saline). The pepsin proce-
dure has the advantage that the acid kills many bacteria,
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and repeated centrifugations are not needed because the
acid can be neutralized with sodium bicarbonate as
described (Dubey, 1998); this procedure is recom-
mended for isolating Neospora from the tissues of
chronically infected animals. The trypsin procedure is
more labour intensive because repeated washings are
necessary to remove the trypsin.

There are no data on the quantitative survival of
N. caninum tachyzoites and bradyzoites in different
concentrations of trypsin or pepsin. Although 7. gondii
tachyzoites and bradyzoites can survive in acid pepsin
and 1% trypsin for more than 2 h there is 1-2 log loss
of infectivity after 1-2 h of incubation (Sharma and
Dubey, 1981). Therefore, we recommend the incuba-
tion of host tissue not longer than 60 min in final
concentration of trypsin not higher than 0.25%.

Neospora parasites can be separated from neural
tissue by Percoll gradient, a technique first developed
by Cornelissen et al. (1981) to separate 1. gondii tissue
cysts from mouse brain and later applied to separate V.
caninum from the host tissue (Fioretti et al., 2000;
McGuire et al., 1997; Stenlund et al., 1997). Tissue
cysts microisolated from brain homogenate can be
inoculated individually into gamma interferon gene
knockout (GKO) mice to obtain cloned parasites
(Dubey et al., 2004). However, the infectivity of
N. caninum bradyzoites to cell cultures or mice may be
lower than that of tachyzoites. Additionally, brady-
zoites should be released from tissue cysts by pepsin
or trypsin before inoculation into cell cultures because
intact tissue cysts are not infective to cell cultures (J.P.
Dubey, unpublished observation).

Numerous mammalian cell lines have been used to
grow N. caninum in cell cultures (Lindsay and Dubey,
1989c¢) and the procedures used to isolate viruses in
diagnostic laboratories are suitable to grow N. caninum.
Although most authors used VERO cells to grow
N. caninum from bovine tissues (Table 1), N. caninum
has no recognized cell culture preference (Lei et al.,
2005). Usually, the cell cultures are incubated with the
tissue homogenate for 1 h and then replaced with cell
culture medium. It is important to observe the cell
culture flask for 2 months because most N. caninum
strains are slow growing and tachyzoites may not be
visible microscopically for 60 days from the time of
seeding with the homogenate.

Immunosuppressed mice are more efficient than the
cell culture for obtaining viable N. caninum. Inbred

mice (e.g. BALB/c) are more susceptible to N. caninum
infection than outbred mice (Dubey et al., 1988;
Lindsay et al., 1995; Long and Baszler, 1996; Long et
al., 1998). The GKO mice are more suitable for
N. caninum infection than the nude mice (Dubey et al.,
1998b); however the susceptibility of different lines of
GKO mice has not been compared. We have used the
BALB/c derived GKO mice (C.129S7(B6)-Ifng™'™/1;
The Jackson Laboratory). Nude mice and SCID mice
are also susceptible to N. caninum (Yamane et al.,
1998). N. caninum has also been cultivated in cortisone-
treated outbred mice (Lindsay and Dubey, 1989b). Mice
can be immunosuppressed with methylprednisolone
acetate or cortisone acetate by injection or with
dexamethasone (Sigma) orally in drinking water
(1 pg/ml) from the day of inoculation with tissue
homogenate until the mice get ill. In immunosup-
pressed mice that die 2—4 weeks post inoculation (p.i.),
Neospora is usually found in the liver, lung, and the
heart. Five weeks p.i. Neospora are usually in the brain.
GKO mice inoculated with certain strains of N. caninum
may not get ill until 8§ weeks p.i. (Vianna et al., 2005).
GKO mice infected with N. caninum develop antibodies
that can be detected by various serological tests
(Schares et al., 2005b) and thus it is advantageous to
use GKO mice instead of Nude mice; the latter may not
develop antibodies. N. caninum has also been isolated
from bovine tissues in mouse sarcoma cells grown in the
peritoneal cavity of immunosuppressed mice; this
method is labour intensive but very efficient (Romand
et al., 1998; Canada et al., 2002a, 2002b).

The Mongolian gerbil (Meriones unguiculatus) is
also susceptible to N. caninum infection but they are
not reliable because N. caninum can spontaneously
disappear in gerbils (Cuddon et al., 1992; Dubey and
Lindsay, 1996; Dubey and Lindsay, 2000; Dubey
et al., 2004; Gondim et al., 1999; Ramamoorthy et al.,
2005; Schares et al., 2005b). Pipano et al. (2002)
quantitatively compared the susceptibility of Mer-
iones tristrami and the sand rat (Psammomys obesus)
to N. caninum tachyzoites. Both of these rodent
species inoculated with as few as 10 N. caninum
tachyzoites became infected and developed clinical
signs.

The isolation of N. caninum from an 8-month old
calf by Fioretti et al. (2000) is important for several
reasons. First, the dam was diagnosed as having
recently acquired N. caninum infection based on the
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detection of high IgG and IgM antibodies at 230 days
of gestation. Second, although a healthy calf was born
at 280 days of gestation, the placenta contained
inflammatory foci and viable N. caninum was isolated
by bioassay in mice. Third, thick-walled N. caninum
tissue cysts were found directly in the brain of the calf
after it was killed at 8 months of age and viable
N. caninum was recovered in mice and in cell culture,
even though the calf was clinically normal.

The isolation of N. caninum from the brain of a 2-
year old cow by Sawada et al. (2000) was the first
isolation of N. caninum from an adult cow. The cow
had twice aborted N. caninum-infected fetuses, and
was killed 24 days after the second abortion. Although
protozoa were not demonstrable in histologic sections
of the infected brain, it had a mild non-suppurative
encephalitis; the cow was otherwise clinically normal.

The second isolate of N. caninum from adult cattle
was from a 2-year old Friesian cow from New Zealand
(Okeoma et al., 2004b). This cow when sampled from
the day 150 of pregnancy onwards had persistent
N. caninum antibodies throughout the gestation. The
cow and her 2-day old calf were killed and N. caninum
was isolated from both animals. The calf had
precolostral N. caninum antibodies and both the
dam and the calf were apparently asymptomatic.

3.3. Serologic diagnosis

Serological tests have the advantage that they can
be applied antemortem and may provide information
on the stage of infection. In calves or adult cattle, a few
days after primary infection specific IgM and IgG
antibodies appear. While the specific IgM levels peak
after 2 weeks of infection and declining below the
detection limits in a Neospora agglutination test
(NAT) at 4 weeks of infection again (De Marez et al.,
1999), IgG levels increase during the first weeks up to
3-6 months after experimental primary infection
(Conrad et al., 1993b; De Marez et al., 1999; Dubey
et al., 1996; Schares et al., 1999c, 2000; Trees et al.,
2002; Uggla et al., 1998; Williams et al., 2000). After
tachyzoite or oocyst induced primary infection, an
initial rise in specific IgG, is followed by a slightly
delayed surge of IgG, (Andrianarivo et al., 2001; De
Marez et al., 1999; Williams et al., 2000). No elevated
IgA levels were observed in calves experimentally
infected by oocysts (De Marez et al., 1999). Levels of

specific antibodies may persist for the life but fluctuate
and sometimes are below the detection limits of
serological tests (for more details see below).

After primary N. caninum infection the avidity of
specific antibodies increases over time (Bjorkman et al.,
1999, 2005) and this can provide to some extend
information on the duration of a primary infection.
Several avidity assays have been developed to
differentiate low avidity IgG responses (indicative for
a recent primary infection, approximately of 2-month
duration) from high avidity IgG responses (indicative
for a chronic infection). Usually high avidity IgG
responses are observed in cattle naturally infected for
more than 6 months (Bjorkman et al., 1999, 2003). In
field studies low avidity IgG responses could be linked
to N. caninum-associated abortion epidemics suggest-
ing that a recent primary infection was the cause of
abortion (Jenkins et al., 2000; McAllister et al., 2000;
Sager et al., 2005; Schares et al., 2002).

After vaccination of cattle with inactivated
N. caninum vaccines the interpretation of serologic
datamay become difficult. Avaccine consisting of killed
cell-culture-derived tachyzoites and adjuvant is com-
mercially available and is used in several countries
(e.g. in the USA (Estill, 2004), in Costa Rica (Romero
et al., 2004) and in New Zealand (Heuer et al., 2003)).
Another non-commercial vaccine also consisting of
cell-culture-derived tachyzoites and adjuvant was
recently used for experimental vaccination of cattle in
Agentina (Moore et al., 2005). Animals inoculated with
these vaccines developed antibody responses which
were similar to those of cattle naturally infected with V.
caninum (Andrianarivo et al., 2001; Choromanski and
Block, 2000; Moore et al., 2005). Therefore it was
recently proposed to develop marker vaccines together
with companion serological tests to distinguish the
antibody responses in vaccinated from those in naturally
exposed cattle (Conraths and Ortega, 2005).

3.3.1. Serological assays

Several assays are available for detecting anti-
bodies to N. caninum in cattle (Table 2). All of these
assays are based on tachyzoite antigens. Assays based
on antigens of bradyzoites or sporozoites are not yet
available.

Some serological tests utilize air dried or fixed
N. caninum tachyzoites in the indirect fluorescence
antibody test (IFAT) or the NAT (Table 2). Both
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Serological assays developed to detect antibodies in Neospora caninum-infected cattle

Type of test

Test characteristics

Reference

Comment

Direct agglutination test

IFAT

ELISA

Immunoblot

RIT (rapid

immunochromatographic test)

Whole fixed tachyzoite

Whole fixed tachyzoites

Whole tachyzoite lysate
antigen indirect ELISA
(various lysate protocols)

Fixed whole tachyzoite
indirect ELISA

ISCOM antigen indirect ELISA

Recombinant antigen
indirect ELISA

Single native antigen
indirect ELISA

Antigen-capture indirect ELISA

Antigen-capture competitive

inhibition ELISA

Competitive inhibition ELISA

Avidity ELISA

Bulk-milk ELISA

Reduced whole
tachyzoite antigen
Non-reduced whole
tachyzoite antigen
Avidity Western blot

Recombinant antigen RIT

Packham et al. (1998)
Romand et al. (1998)

Conrad et al. (1993b)
Buxton et al. (1997)
Schares et al. (1998)

Paré et al. (1995)

Dubey et al. (1996)
Reichel and Drake (1996)
Osawa et al. (1998)
Gottstein et al. (1998)
Wouda et al. (1998b)
Bae et al. (2000)
Williams et al. (1997)

Bjorkman et al. (1997)
Lally et al. (1996b)

Louie et al. (1997)

Nishikawa et al. (2001)
Howe et al. (2002)
Chahan et al. (2003)
Ahn et al. (2003)
Jenkins et al. (2005)
Gaturaga et al. (2005)
Schares et al. (2000)

Schares et al. (1999c¢)
Dubey et al. (1997)

Baszler et al. (2001)
Baszler et al. (1996)
McGarry et al. (2000)
Bjorkman et al. (1999)
Maley et al. (2001)
Schares et al. (2002)
Sager et al. (2003)
Bjorkman et al. (1997)
Schares et al. (2003)
Bartels et al. (2005)

Bjerkas et al. (1994)

Bjerkas et al. (1994)

Aguado-Martinez et al. (2005)

Liao et al. (2005)

Cell-culture-derived
Mouse-derived

Air-dried
Formaldehyde fixed, air-dried
Air-dried, acetone fixed

Extracted with PBS, kinetic ELISA

Extracted with PBS

Commercial antigen

Extracted with distilled water
Extracted with PBS

Extracted with PBS, 1% Triton X-100

Formaldehyde fixed

Based on Bjorkman et al. (1994)
rNcGRAG6 and rNcGRA7

rNcGRA7 and recombinant
subtilisin-like serin protease
rNcSRS2

Truncated rNcSRS1
Truncated rNcSRS1
Truncated rNcSRS2
rNcGRAG6; HPLC purified
Truncated rNcSRS2
NcSRS2

Polyclonal antiserum for
antigen capture
Monoclonal antibody
for antigen capture

Based on a monoclonal antibody
Based on a polyclonal antibody
ISCOM incorporated antigen
Whole tachyzoite lysate
NcSRS2

Whole tachyzoite lysate

ISCOM incorporated antigen
NcSRS2

Whole tachyzoite lysate

Truncated rNcSRS1
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methods detect antibodies to the tachyzoite surface
which obviously provides many antigens which are
Neospora specific as demonstrated by the species
specificity of monoclonal antibodies developed
against the outer membrane antigens of tachyzoites
(Baszler et al., 1996; Bjorkman and Hemphill, 1998;
Howe et al.,, 1998; Schares et al., 1999b). It is
important to note that the detection of antibodies by
IFAT and also by other assays can give false-positive
results if fetal bovine serum (FBS) in the cell culture
medium often used to grow N. caninum contains
antibodies to N. caninum; most batches of commercial
FBS in the US and in Europe have antibodies to
N. caninum.

The first studies to describe the use of either
reduced or non-reduced antigens in immunoblots
(IBs) to diagnose N. caninum infections were by Barta
and Dubey (1992) and Bjerkas et al. (1994). Different
immunodominant N. caninum-specific antigens were
identified, among them a 19, 29, 30, 33, and a 37 kDa
antigen (Fig. 3). Stronger reactions are observed
against non-reduced antigens, suggesting that con-
formational epitopes are predominantly involved in
the N. caninum-specific antibody response (Fig. 3).
Working groups using non-reduced antigens (Atkin-
son et al., 2000; Paré et al., 1995; Stenlund et al., 1997)
report fewer on cross-reactivities between sera from
animals infected with N. caninum, T. gondii or
Sarcocystis sp. than researchers who used reduced
antigens (Baszler et al., 1996; Harkins et al., 1998). A
potential reason for this is that in N. caninum
conformational epitopes might be more species
specific than linear epitopes.

Several enzyme-linked immunosorbent assays
(ELISAs) have been described to examine bovine
sera for N. caninum antibodies (Table 2). These
ELISAs utilize either whole or fixed N. caninum
tachyzoites, aqueous or detergent-soluble total tachy-
zoite extracts, single native antigens or recombinant
tachyzoite antigens. Different methods have been used
to solubilize tachyzoite antigens. Recently some
of these methods were comparatively evaluated
(Zintl et al., 2006). Based on monoclonal and
polyclonal antibodies, competitive inhibition ELISAs
(CI-ELISAs) have been developed which detect
antibodies to N. caninum-specific epitopes.

Most of the commercialized ELISAs to detect
N. caninum-specific antibodies are based on total
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Fig. 3. Reactivity of a N. caninum positive bovine serum against
N. caninum tachyzoite antigens separated under non-reducing
(lane 1) and reducing conditions (lane 3). Note that non-reduced
antigens were loaded also in lane 2. However, during the gel run the
agent used for the reduction of disulfide bonds (2-mercaptoethanol)
moved from lane 3 into lane 2 and led to a partial reduction of the
antigens. Since exactly the same antigen concentration had been
loaded to each of the lanes, the result clearly demonstrates that the
reactivity against immunodominant antigens (marked with * is
strongly reduced when the antigens are denatured by disulfide bond
reducing agents).

tachyzoite lysate antigen (Table 3). However, there are
also commercialized tests using fixed N. caninum
tachyzoites (Williams et al., 1999), ISCOM incorpo-
rated tachyzoite antigens or native affinity-purified
NcSRS2 (Von Blumrdder et al., 2004).

A number of recombinant antigens of potential
diagnostic value are published (Table 2). In the future,
recombinant antigens might become more important,
because they can be produced easier in large quantities
and better standardized for the production of
serological assays (e.g., for rapid immunochromato-
graphic tests (RITs) which need more antigen than
ELISAs). Recently, Liao et al. (2005) reported on a
non-commercial RIT using a recombinant surface
antigen of N. caninum tachyzoites (NcSRS1) as an



Table 3

Commercially available serological diagnostic tests also used for research purposes

Test

Format

Antigen preparation

Company

References containing
validation data

BIOVET Neospora caninum

CHEKIT Neospora
Dr. Bommeli/IDEXX
CIVTEST BOVIS NEOSPORA
Cypress Diagnostics C.V.
Neospora caninum
HerdChek IDEXX

MASTAZYME Neospora

Neospora caninum blocking ELISA
P38-ELISA

ImmunoComb bovine

Neospora antibody
SVANOVIR Neospora-Ab ELISA

VMRD Neospora caninum cELISA

VMRD Neospora caninum
FA substrate slide®

Indirect ELISA
Indirect ELISA

Indirect ELISA
Indirect ELISA

Indirect ELISA

Indirect ELISA

Competitive ELISA
Indirect ELISA

DOT-ELISA

Indirect ELISA

Competitive ELISA

IFAT

Sonicate lysate of tachyzoites
Detergent lysate of tachyzoites

Sonicate lysate of tachyzoites
Detergent lysate of tachyzoites

Sonicate lysate of tachyzoites

Whole tachyzoites

No information

Affinity-purified native surface
antigen of tachyzoites (NcSRS2)
No information

ISCOM incorporated antigen

GP65 surface antigen
of tachyzoites
Whole tachyzoites

BIOVET Laboratories, Canada
IDEXX Laboratories,

The Netherlands

HIPRA, Spain

Cypress Diagnostics, Belgium

IDEXX Laboratories, USA

MAST GROUP, United Kingdom

Institut Pourquier, France
AFOSA GmbH, Germany

Biogal, Israel

SVANOVA Biotech AB, Sweden

VMRD, USA

VMRD, USA

Wu et al. (2002),
Waldner et al. (2004)
Von Blumroder et al. (2004)

Von Blumrdder et al. (2004)
Von Blumroder et al. (2004)

Bartels et al. (2005), Paré

et al. (1995)%, Reichel and
Pfeiffer (2002), Schares et al.
(1999a), Schares et al. (2004b),
Von Blumroder et al. (2004),
Wouda et al. (1998b),

Wu et al. (2002)

Williams et al. (1997),
Schares et al. (1999a),
Wouda et al. (1998b),

Von Blumroder et al. (2004)
Hall et al. (2005)°

Schares et al. (2000)?,

Von Blumrdoder et al. (2004)
Toolan (2003)°

Bjorkman et al. (1997)%,
Frossling et al. (2003)%,
Varcasia et al. (2006),
Hurkova et al. (2005)
Baszler et al. (2001),
Jakubek and Uggla (2005)
Frossling et al. (2003),
Reichel and Drake (1996),
Reichel and Pfeiffer (2002),
Schares et al. (1999a)

* This reference provides no validation data on the commercial test but on the in-house test the commercial product is based on.
® Unpublished validation results are mentioned in this reference.

¢ Only IFAT slides are supplied.
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antigen. To our knowledge, as yet, no commercialized
ELISAs are available based on recombinant antigens.
Recently, it was shown that insufficient purification of
a recombinant dense granule antigen (rNcGRA?7) for
ELISA diagnosis caused false-positive reactions
(Jenkins et al., 2005).

A number of protocols were developed to use the
above mentioned serum ELISAs also for the
examination of individual bovine milk and bovine
bulk-milk samples (Bjorkman et al., 1997; Chanlun
et al., 2002; Frossling et al., 2006; Schares et al., 2003,
2005a) including some of the commercialized ELISAs
(Bartels et al., 2005; Harkova et al., 2005; Schares
et al., 2004b; Varcasia et al., 2006) (Tables 2 and 3).
Protocols were also developed to use some of the
ELISAs mentioned above in epidemiological studies
to examine the avidity of a N. caninum-specific
antibody response (Table 2).

We are aware on a number commercially available
N. caninum antibody tests. Validation data on these
tests are only partially published (Table 3). The most
of these tests are ELISAs. However, also IFAT slides
are commercially available. A commercialized DOT-
ELISA might be applicable under field conditions.

3.3.2. Selection of serological tests and cut-offs
Each of the different serological methods listed
above can be applied for different purposes. However,
it has to be stressed that it is not advisable to use
serological tests before evaluating them for the
application in which they will be used (Greiner and
Gardner, 2000). Selecting an appropriate cut-off
(Alvarez—Garcia et al., 2003; Jenkins et al., 2002) is
critical for any serological assay used for bovine
neosporosis. However, for some application it might
be advisable, not only to select an appropriate cut-off,
but also to change the test protocol (e.g. the type of
antigen, antigen concentration, serum and conjugate
dilution, specificity of conjugate for a particular
isotype). Most of the tests described above were
developed to diagnose bovine abortion. However, an
other important application is for detecting infected
cattle (e.g. calves, replacement heifers, bulls) to
identify and later remove N. caninum-infected animals
from herds (Hall et al., 2005), to prevent the new
introduction of infected animals into herds, or to
exclude infected dams from embryo-transfer (Bail-
largeon et al., 2001; Landmann et al., 2002).

Serological tests to identify infected cattle may
require a higher sensitivity i.e., lower cut-offs than
those meant to diagnose bovine abortion (Alvarez-
Garcia et al., 2003; Schares et al., 1999a).

One of the major problems to define appropriate
cut-offs to identify infected cattle is that there is no
appropriate gold standard to define a true-positive or
true-negative reference group. Different approaches
are followed to overcome this problem and to validate
serological tests for the purpose of detecting
N. caninum infection or to diagnose bovine neos-
porosis (Alvarez-Garcia et al., 2003; Baszler et al.,
2001; Canada et al., 2004a; Frossling et al., 2003;
Venturini et al., 1999; Von Blumrdder et al., 2004;
Williams et al., 1999). For future validations gold-
standard-free approaches may become more and more
important (Frossling et al., 2003).

In the past there was some debate on appropriate
cut-off titres for IFATs. However, a specific situation
exists regarding the selection of appropriate cut-offs
for this assay. Because the IFAT titers are largely
dependent on the quality of the equipment used for
fluorescence microscopy, it is often impossible to
standardize the IFAT test results among different
laboratories. Consequently, a cut-off titer appropriate
in one particular laboratory might not be suitable in
another. Consequently, each laboratory should estab-
lish an own IFAT cut-off and not rely on those reported
in literature.

3.3.3. Serological diagnosis of infection and
neosporosis-associated mortality

3.3.3.1. Examination of individual breeding dams.
After the occurrence of bovine abortion, stillbirth or
neonatal mortality on a farm, a serological examina-
tion of the afflicted dams may provide information if
these dams are infected with N. caninum and, if so,
whether they experienced a recent or have had a
chronic infection (see below). Most cows that have a
N. caninum-infected fetus are seropositive at the time
of abortion (De Meerschman et al., 2002; Otter et al.,
1997; Sondgen et al., 2001; Wouda et al., 1998a) or
after calving (Anderson et al., 1997; Davison et al.,
1999¢; Ho et al., 1997a). Consequently, a negative
serological test result for the dam makes it unlikely
that N. caninum was involved in abortion, stillbirth
or neonatal mortality. In some cases, however,
N. caninum-infected fetuses were aborted or positive
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calves born by seronegative dams (Davison et al.,
1999b, 1999c; Sager et al., 2001). This might be due to
fluctuating antibody levels (Conrad et al., 1993b).
These are observed during pregnancy (Dannatt, 1998;
Fioretti et al., 2003; Guy et al., 2001; Paré et al., 1997,
Quintanilla-Gozalo et al., 2000; Stenlund et al., 1999),
around abortion (Guy et al., 2001; Schares et al.,
1999c; Wouda et al., 1998b) or after calving (Stenlund
et al., 1999). The antibody levels may drop below the
detection limit of less sensitive tests and cause false
negative results (Dannatt, 1998; Dijkstra et al., 2003;
Wouda et al., 1998b). Although infected, some
animals do not develop antibodies at all, or the
antibodies are not detectable by particular tests as it
was reported in a calf experimentally infected by
oocysts (De Marez et al.,, 1999). The presence of
antibodies to N. caninum in the serum of a dam allows
no definitive diagnosis because only a low proportion
of infected dams abort, and most of their calves are
born infected but healthy (Guy et al., 2001; Paré et al.,
1997; Thurmond and Hietala, 1997; Wouda et al.,
1998a). Therefore, a dam may have antibodies against
N. caninum, although abortion, stillbirth or birth of a
weak calf may have had another cause. Positive
serological testing of individual dams only allows one
to suspect N. caninum infection but is no proof that
N. caninum was involved in the reproductive failure.

3.3.3.2. Serological examinations on a herd level. A
more definitive diagnosis can be achieved when the
problem (abortion, stillbirth, neonatal mortality) is
examined including all dams at risk or is examined on
a herd level. To clarify e.g. the reason for an abortion
problem in a herd, a seroepidemiological approach has
been proposed by Thurmond and Hietala (1995). The
rationale is to determine by statistical methods if the
proportion of seropositivity in aborting cows is higher
than that in non-aborting cows (i.e. to determine
whether abortion is statistically associated with
seropositivity to N. caninum). It must be stressed that
only serological results that have been obtained from
dams at risk (i.e. those dams that were pregnant during
the period of time when the abortion problem
occurred) should be included in the analysis (Section
2). In endemic cases, the period during which pregnant
dams have an abortion risk may last several months up
to years (Davison et al., 1999a; Schares et al., 1998,
2002; Thurmond et al., 1997), while in epidemic cases

it may last only a few weeks (e.g. McAllister et al.,
1996a; Thornton et al., 1994; Wouda et al., 1999;
Yaeger et al., 1994).

Animals that abort due to neosporosis often have
higher N. caninum-specific antibody levels than
infected but non-aborting dams (Dubey et al., 1997;
McAllister et al., 1996a; Quintanilla-Gozalo et al.,
2000; Schares et al., 1999¢, 2000; Waldner et al.,
1998). The same is true for cows that transplacentally
transmit the infection to their calves (Guy et al., 2001).
Those serological tests that have a cut-off not adjusted
to detect all dams that are infected with N. caninum but
adjusted to detect those animals with elevated
antibody levels are useful to demonstrate association
between seropositivity and abortion (Schares et al.,
1999a) or seropositivity and vertical transmission
(Davison et al., 1999¢). In particular ELISAs, aborting
dams from herds with endemic bovine abortion
appeared to have higher antibody levels than dams
from herds afflicted by recent epidemic abortion
(Schares et al., 1999c, 2000). This effect was also
observed with a number of commercialized tests
(Schares, unpublished) and has to be taken into
account when selecting an appropriate cut-off to
diagnose bovine abortion. Serological tests have to be
evaluated with positive abortion sera from both,
epidemic and endemic situations.

It may become necessary to make supplementary
analyses on a herd level to identify the predominant
route by which the cattle became infected with
N. caninum. For this purpose avidity ELISAs could be
used (Table 2). As mentioned above, these tests
measure the avidity of N. caninum-specific IgG and
are able to find indications for recent infection on a
herd level. However, the interpretation of avidity test
results for individual animals should be done with
care, because individual animals can maintain a low
avidity antibody response although infected for
several years (Bjorkman et al., 2003). In addition,
the analysis of dam-daughter pairs may provide
information whether the infection is predominantly
transmitted vertically in a herd (Thurmond et al.,
1997). In herds in which there is a positive association
regarding the seropositivity of dams and their
daughters the predominant route of infection seems
to be vertical transmission. Further information on the
route of infection might be obtained by comparing the
seroprevalences of different age-groups or groups of



16 J.P. Dubey, G. Schares/Veterinary Parasitology 140 (2006) 1-34

animals which were housed together (Dijkstra et al.,
2001a).

3.3.3.3. Serological examination of fetal body
fluids. Because bovine fetuses develop immunocom-
petence around 120 gestational days (Swift and
Kennedy, 1972), many but not all infected fetuses
are able to develop specific antibodies to the
transplacentally invading N. caninum tachyzoites
(Bae et al., 2000; Barr et al., 1995; Bartley et al.,
2004; Buxton et al., 1997; De Meerschman et al.,
2002; Gondim et al., 2004b; Pereira-Bueno et al.,
2003; Reichel and Drake, 1996; Slotved et al., 1999;
Sondgen et al., 2001; Wouda et al., 1997a). This
antibody response is a predominant IgG, response but
also specific IgM and IgG, are detected (Andrianarivo
et al., 2001; Buxton et al., 1997; Slotved et al., 1999).

Serological tests can be used to examine the
infection status of an aborted fetus because fetal
blood, serosanguinous fluids in the pleural or
peritoneal body cavities, and abomasal content may
contain specific antibodies against N. caninum. There
are several reports indicating a low sensitivity when
fetal serology is performed with IFAT or ELISA
(Alvarez-Garcia et al., 2003; Barr et al., 1995;
Gottstein et al., 1998; Reichel and Drake, 1996;
Slotved et al., 1999; Schock et al., 2000; Sondgen
etal., 2001; Wouda et al., 1997a). The low sensitivity
of fetal serology may be due to lack of fetal
immunocompetence, especially in bovine fetuses
younger than 6 months and a short interval between
infection and fetal death (Wouda et al., 1997a). In
addition, autolysis may cause degradation of fetal
immunoglobulins (Wouda et al., 1997a) and may lead
to low levels of specific antibodies. Thus, a negative
serological result in an aborted fetus does not rule out
N. caninum infection. Recently, Western blot-based
assays are shown to increase sensitivity and specificity
of fetal serology (Alvarez-Garcia et al., 2002;
Sondgen et al., 2001). However, it has to be stressed,
that the demonstration of specific antibodies against
N. caninum in an aborted fetus does not allow the
conclusion that the parasite was responsible for
disease because the vast majority of N. caninum-
infected fetuses develop normally and are born as
healthy calves (Paré et al., 1996). Nevertheless,
demonstrating that a bovine fetus has developed
antibodies against N. caninum is often the first specific

indication for fetal infection during a diagnostic
process (De Meerschman et al., 2002).

3.3.3.4. Examination of newborn calves. Fetal infec-
tion may lead to the birth of full-term congenitally
infected calves that are clinically normal. However
some calves may develop neurological disease (Barr
etal., 1991b; De Meerschman et al., 2005; Dubey and
De Lahunta, 1993; Dubey et al., 1990a). Intra-uterine
infection with N. caninum seems to provoke the
development of specific antibodies against the parasite
in the majority of infected calves (Anderson et al.,
1997; Ho et al., 1997a). Although pathogen specific
tolerance in congenital N. caninum infection has been
suspected (Anderson et al., 2000), the absence of
antibodies to the parasite in stillborn or newborn
calves makes a N. caninum infection unlikely.
Newborn calves must be examined before suckling
because colostral IgG antibodies (taken up via the gut)
may cause false-positive test results (Jenkins et al.,
1997; Paré et al., 1996). It has been shown that
colostral antibodies in the calf persist for several
months (Hietala and Thurmond, 1999; Wouda et al.,
1998a).

Six cases of calves with neurological signs reported
recently by De Meerschman et al. (2005) suggest a
limited sensitivity of immunohistochemistry and PCR
in neonatal bovine neosporosis but a reasonable
performance of serological testing. However, as yet
not enough data are available to suggest an appropriate
cut-off in any of the serological tests meant to
diagnose neosporosis in calves with neurological
signs.

3.3.3.5. Serological tests to detect cattle infected
with N. caninum. Different approaches to control
bovine neosporosis on a herd level require sensitive
and specific serological tests that are able to detect
infected animals. For instance, identifying infected
cattle may be necessary to prevent transmission of
N. caninum during embryo transfer (Baillargeon et al.,
2001; Landmann et al., 2002; Thurmond and Hietala,
1995). Other applications might aim to prevent the
introduction of N. caninum into a herd through
purchase of infected animals, or to assist culling of
infected dams. As stated above, the majority of
aborting dams has higher specific antibody levels
compared to the majority of infected but non-aborting
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dams (Dubey et al., 1997; McAllister et al., 1996a;
Schares et al., 1999¢c, 2000; Waldner et al., 1998). The
reliable detection of infected animals seems to require
serological tests with a higher sensitivity than those
meant to diagnose bovine abortion (Alvarez-Garcia
et al., 2003; Schares et al., 1999a). Since antibody
levels in infected animals may fluctuate as a result of
age (Davison et al., 1999a; Hietala and Thurmond,
1999) and the stage of gestation (see above) care must
be taken when adjusting serological tests to this
application of detecting infected animals. Recently,
predominantly low N. caninum-specific antibody
levels were reported for breeding bulls, suggesting
that cut-offs optimised to detect infected breeding
cows may be inappropriate to identify infected
breeding bulls (Caetano-da-Silva et al., 2004a).

3.3.3.6. Serological tests to estimate the herd ser-
oprevalence. Several working groups adapted
ELISAs for analysis of bulk-milk samples (Table 2).
An analysis with the ELISAs provides a roughly
estimate of the seroprevalence within the group of
animals that contributed to the bulk-milk sample
(Bartels et al., 2005; Chanlun et al., 2002; Schares
etal., 2003; Varcasia et al., 2006). As yet the sensitivity
of these tests is limited: they detect herds with >10-
20% seroprevalence. In addition to their application in
epidemiological studies (Schares et al., 2003, 2004a),
bulk-milk ELISAs are potentially important to support
maintenance of bovine herds free of N. caninum
infections and to identify herds already infected with
this parasite (Bartels et al., 2005; Chanlun et al., 2006).

3.3.3.7. Serological tests to study epidemiology and
control of neosporosis. Serological tests are important
tools to examine the epidemiology of bovine
neosporosis. The identification of vertical transmis-
sion as the predominant transmission route was largely
based on serological results (Anderson et al., 1997).
Seroepidemiological studies enabled to generate data
on the importance of N. caninum as an abortifacient
(e.g. Davison et al., 1999d; De Meerschman et al.,
2000; Koiwai et al., 2005; Mainar-Jaime et al., 1999;
Ould-Amrouche et al., 1999; Sager et al., 2001), its
effect on other productivity parameters like reduced
milk production (Hernandez et al., 2001; Hobson
et al., 2002; Thurmond and Hietala, 1997; VanLeeu-
wen et al., 2001), premature culling (Cramer et al.,

2002; Thurmond and Hietala, 1996; Tiwari et al.,
2005; Waldner et al., 2001) and reduced weight gain
(Barling et al., 2001; Waldner, 2002). In addition, the
risk of abortion-infected cattle was estimated based on
serological results (e.g. Hernandez et al., 2002,
Thurmond and Hietala, 1997; Wouda et al., 1998a).
Reactivation of chronic infection as a putative factor
responsible for vertical transmission became likely
when several independent studies observed an
increase of specific antibody levels during gestation
(Conrad et al., 1993b; Dannatt, 1998; Paré et al., 1997;
Quintanilla-Gozalo et al., 2000; Stenlund et al., 1999).
Further studies indicate that the kinetic of a serological
response to N. caninum during pregnancy may help to
predict abortion or vertical transmission in chronically
infected dams (Guy et al., 2001; Paré et al., 1997,
Pereira-Bueno et al., 2000).

By using the above-mentioned avidity ELISAs,
recent infection was demonstrated to be the cause of
abortion epidemics (Jenkins et al., 2000; McAllister
et al., 2000; Sager et al., 2005; Schares et al., 2002).
Although definitive proof is lacking, contaminations
of fodder or drinking water by N. caninum oocysts
are thought to be responsible for these infections
(McAllister et al., 2000, 2005).

The putative role of dogs in the epidemiology of
bovine neosporosis became evident by seroepidemio-
logical studies (Bartels et al., 1999; Hobson et al.,
2005; Mainar-Jaime et al., 1999; Ould-Amrouche
et al., 1999; Paré et al., 1998; Schares et al., 2004a),
one study (Paré et al., 1998) appearing at the same
time it was shown that the dog is a definitive host of N.
caninum (McAllister et al., 1998). The observation
that in Texas, beef calves had an increased risk of
seropositivity for N. caninum as a result of the
abundance of wild canids, particularly coyotes and
gray foxes (Barling et al., 2000) led to the hypothesis
that a sylvatic transmission cycle for neosporosis
exists (Barling et al., 2000). The recent finding that
coyotes are also definitive hosts of N. caninum,
confirmed the existence of a sylvatic life cycle
(Gondim et al., 2004a).

3.4. Diagnosis by polymerase chain reaction
(PCR)

The PCR plays an important role in the diagnosis of
N. caninum-infection. Most PCR protocols are used to
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detect N. caninum DNA in the body tissues of aborted
fetuses or other intermediate hosts. However, also
other samples like amniotic fluid (Ho et al., 1997a),
cerebrospinal fluid (Buxton et al., 2001; Peters et al.,
2000; Schatzberg et al., 2003), and oocyst contami-
nated dog or coyote feces (Basso et al., 2001; Gondim
et al., 2004a; Hill et al., 2001; McGarry et al., 2003;
Schares et al., 2005b; glapeta et al., 2002b) have been
examined by PCR for the presence of N. caninum
DNA. Initial attempts to detect N. caninum DNA in
blood of naturally infected cattle failed (Guy et al.,
2001). Recently, it was reported, that it is possible to
identify N. caninum DNA in the blood of chronically
infected cattle (Ferre et al., 2005; Okeoma et al.,
2004a), in the milk of lactating cows (Moskwa et al.,
2003) and in the semen of bulls (Caetano-da-Silva
et al., 2004b; Ferre et al., 2005; Ortega-Mora et al.,
2003).

Recently, PCR protocols were developed not only
to detect but also to quantify N. caninum DNA in
samples. Quantitative PCR has become one of the key-
methodologies to examine the pathogenesis of bovine
neosporosis and to assess the activity of vaccines and
therapeutic or prophylactic drugs (Cannas et al.,
2003a, 2003b; Collantes-Fernandez et al., 2004, 2005;
Esposito et al., 2005). Quantitative PCR was also used
in epidemiological studies to estimate parasite load in
N. caninum positive bull semen (Caetano-da-Silva
et al., 2004b; Ferre et al., 2005; Ortega-Mora et al.,
2003).

Different target DNAs were chosen to establish
N. caninum-specific primer pairs. A repetitive
character of the target DNA is an advantage since
PCRs amplifying repetitive elements usually have a
higher analytical sensitivity compared to PCRs
amplifying fragments of single copy genes. Because
of their repetitive character the genes coding for rRNA
(see below) and the pNc5 gene (see below) have
become important targets for diagnostic and quanti-
tative PCRs.

The diagnostic sensitivity and the diagnostic
specificity of a PCR is not only influenced by the
selection of the appropriate target DNA and primer
pairs, but also by selecting appropriate protocols to
collect and to store samples, to extract and purify the
sample DNA, to use appropriate reagents for PCR, to
run the thermocycler, and to analyse the amplified
DNA fragments (amplicons). It is important that those

factors which may negatively influence the diagnostic
sensitivity and specificity of a PCR are sufficiently
controlled (Hoorfar et al., 2004). To observe poor
quality DNA and to control false negatives due to
inhibitory components in the template DNA, several
N. caninum PCR protocols were developed which
included internal controls such as the addition of a
PCR MIMIC (Ellis et al., 1999b) or by using host
DNA specific primers in a multiplex PCR (Baszler
et al.,, 1999; Schatzberg et al., 2003; Meseck et al.,
2005). Helpful PCR protocols are available in many
text books or reviews and therefore will not be
discussed here except for those aspects of specific
importance for the application of PCR in the diagnosis
of neosporosis.

A recent interlaboratory comparison on PCR
diagnosis of N. caninum in bovine fetal tissues
showed no clear relationship between the PCR format
and the observed differences in diagnostic sensitivity
and specificity between laboratories (Van Maanen
et al., 2004). Consequently, prior to the application of
the PCRs mentioned below to examine diagnostic
samples, the entire process from the sample collection
to analysis of the amplicons has to be validated
(Conraths and Schares, 2006).

3.4.1. Sampling, sample-storage and DNA
extraction

For diagnostic purposes and studies on the
epidemiology of bovine neosporosis tissues of aborted
fetuses, amniotic fluid, placenta, milk, fecal samples,
environmental samples, fodder or water may be
examined by PCR for the presence of N. caninum DNA.

In most studies on the examination of aborted fetuses
or placenta by PCR, fresh samples from different tissues
were collected and stored frozen (—20 °C) until used.
Although it is well known that formaldehyde alters the
quality of DNA significantly, successful examinations
of sections of formaldehyde fixed and paraffin
embedded tissues have been described (Baszler et al.,
1999; Ellis et al., 1999b; Collantes-Fernandez et al.,
2002; Schatzberg et al., 2003). There is no general rule
on which tissues are the most suitable for sampling.
However, a number of studies indicate that brain tissue
is the most suitable for the detection of N. caninum
DNA by PCR followed by the heart, lung, and kidneys
(Baszler et al., 1999; Buxton et al., 1998; Collantes-
Fernandez et al., 2005; Gottstein et al., 1998; Ho et al.,
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1997a). The parasite load may be influenced by the
stage of gestation at which the fetus was aborted
(Collantes-Fernandez et al., 2005). In the last trimester,
the parasite was only detected in the brain and,
sporadically, in the diaphragm, heart and lymph nodes
(Collantes-Fernandez et al., 2005). There are reports
that N. caninum DNA was amplified from amniotic fluid
and placenta (Buxton et al., 1998; Gottstein et al., 1998;
Ho et al., 1997a).

Fetal tissues and placenta that are submitted for
examination may be in different stages of autolysis.
There are no data on how autolysis influences the
diagnostic sensitivity of N. caninum-specific PCRs. It
was assumed that specific PCRs based the amplifica-
tion of small fragments are less affected by autolytic
processes than PCRs based on larger amplicons (Ellis
et al., 1999b).

Dogs and coyotes are definitive hosts of N. caninum
(Gondim et al., 2004a; Lindsay et al., 1999a, 1999b,
2001; McAllister et al., 1998). Canine feces or
environmental samples contaminated by dog feces
may contain N. caninum oocysts. DNA extracted from
feces or environmental samples are known to contain
PCR inhibitors. However, only sparse information is
available on the best way to enrich and purify
N. caninum DNA from such samples (Basso et al.,
2001; Gondim et al., 2004a; Hill et al., 2001; McGarry
etal., 2003; Schares et al., 2005a, 2005b; §1apeta etal.,
2002b). Protocols developed for Hammondia heydorni
(Ellis et al., 1999a; glapeta et al., 2002a) may help to
establish suitable techniques to examine feces or
environmental samples for N. caninum. Methods used
to detect T. gondii oocysts in soil or water may also be
applicable after modification (Dumeétre and Dardé,
2003, 2005).

3.4.2. Target genes used for the establishment of
diagnostic N. caninum PCRs

Using isolates like NC-1, NC-2, NC-3, Nc-LIV,
BPA-1, Nc-SweB 1, a number of PCRs were developed
to specifically amplify N. caninum DNA (Table 4).
Since the genomic sequences of DNA coding for
ribosomal RNA (rDNA) can be used for phylogenetic
studies among related apicomplexan species (e.g.
T. gondii, N. caninum, H. hammondi and H. heydorni)
rDNA sequences (18S rDNA, 28S rDNA, ITS1) are
promising targets for the development of species
specific PCRs. Other targets include the pNc5 gene, a

multicopy gene (Miiller et al., 2001), and a singlecopy
gene, 14-3-3 (Lally et al., 1996a).

3.4.2.1. The 18S rDNA. Only minor differences have
been found between the 18S rDNA genes of T. gondii
and N. caninum suitable for the development of
species specific primers (Marsh et al., 1995). There-
fore, universal primers had to be used to amplify the
18S rDNA (Ellis, 1998; Ho et al., 1996; Magnino
et al., 1999). In one study, the application of species
specific chemiluminescent DNA probes allowed
differentiation of Neospora and Toxoplasma 18S
rDNA amplicons (Ho et al., 1996). This protocol was
applied in a subsequent study on the distribution of
N. caninum DNA in bovine tissues (Ho et al., 1997a),
but also in a study to characterize a bovine N. caninum
isolate (Kim et al., 2000). It was used further to
demonstrate vertical transmission in rhesus macaques
(Ho et al., 1997b). Another protocol, developed by
Ellis (1998) also used universal primers to amplify
18S rDNA in the first round PCR. In a second round, a
N. caninum-specific primer (containing two mis-
matches) was used to differentiate N. caninum 18S
rDNA from that of Toxoplasma, S. cruzi, and host
cell DNA (Ellis, 1998). A third protocol was
developed by Magnino et al. (1999) which applied
the slightly modified primer pair developed by Ho
et al. (1996), but differentiated Neospora, Toxo-
plasma and Sarcocystis 18S rDNA by differences in
fragmentation using the restriction enzyme Bsall.
Recently, it was demonstrated that also Hammondia
18S rDNA is amplified by these universal primers and
specific fragments are obtained after using Secl, an
isoenzyme of BsaJl (Schares et al., 2005b). This
protocol has the advantage that the DNA of different
species are amplified simultaneous in a single
reaction, i.e. the results for different species are
obtained by a method exhibiting the same sensitivity
(Eleni et al., 2004; Schares et al., 2005b; Van Maanen
et al., 2004).

3.4.2.2. The 28S rDNA. The D2 domain of the 28S
rDNA is also used for phylogenetic studies. Based on
the species specific sequences, Ellis et al. (1998)
identified an N. caninum-specific primer pair which
was able to distinguish N. caninum from Toxoplasma,
Hammondia or Besnoitia. Yet, no data on the
analytical sensitivity of this PCR are available.



Table 4
Analytical sensitivity and specificity of polymerase chain reactions for the detection N. caninum DNA
Target DNA Primer names Type of PCR Analytical sensitivity according Parasites used to test Reference
to the original description analytical specificity
18S rDNA COC-1, COC-2 One-step PCR + hybridisation 1 tachyzoite in medium, T. gondii, S. cruzi, Ho et al. (1996)
5 tachyzoites in blood or S. tenella, S. capracanis,
amniotic fluid C. parvum, E. bovis
18S rDNA COC-1, COC-2 One-step PCR + restriction ND T. gondii Magnino et al. (1999)
enzyme
18S rDNA API1, D Two-step nested PCR ND T. gondii, S. cruzi Ellis (1998)
SP4, A
28S rDNA GAl, NF6 One-step PCR ND T. gondii, H. hammondi, Ellis et al. (1998)
B. besnoiti
ITS1 NS1, SR1 One-step PCR ND T. gondii, S. cruzi Payne and Ellis (1996)
ITS1 PN1, PN2 One-step PCR 5 tachyzoites heated T. gondii, S. cruzi, Holmdahl and
2 min at 100 °C S. fusiformis, Mattsson (1996)
in distilled water S. gigantea, S. tenella
ITS1 NNI1, NN2 Two-step nested PCR ND ND Buxton et al. (1998)
NP1, NP2
ITS1 TIM3, TIM11 Two-step nested PCR ND See Payne and Ellis (1996) Ellis (1998)
NSI1, SR1
ITS1 F6, 5.8B Two-step nested PCR ND* ND Uggla et al. (1998)
PN3, PN4
ITS1 NS2, NR1, NF1, SR1 One-step nested PCR 10-1 fg DNA (0.1-0.01 T. gondii, S. cruzi Ellis et al.
tachyzoites) (1999a, 1999b)
pNcS5 gene Npl, Np 2 One-step PCR 100 pg genomic T. gondii, S. cruzi, Kaufmann
tachyzoite DNA S. ovifelis, S. capracanis, et al. (1996)
S. moulei, S. miescheriana
pNc5 gene Np6, Np21 One-step PCR 1 tachyzoite in 1 mg T. gondii, H. hammondi, Yamage et al. (1996)
brain tissue S. cruzi, S. tenella,
S. capracanis, S. moulei,
S. miescheriana, H. heydornib,
Toxocara canis®
pNc5 gene Np6plus, Np21plus One-step PCR DNA equivalent to 1-10 T. gondii, H. hammondi, Miiller et al. (1996)
tachyzoite genomes S. cruzi, S. tenella,
S. capracanis, S. moulei,
S. miescheriana
pNc5 gene Np6plus, Np21plus One-step PCR + hybridisation =~ DNA equivalent to T. gondii, H. hammondi, Miiller et al. (1996)
1 tachyzoite genomes S. cruzi, S. tenella, S. capracanis,
S. moulei, S. miescheriana
pNc5 gene Np4, Np7 One-step PCR 1-2 tachyzoite equivalents See Yamage et al. (1996) Baszler et al. (1999)

per DNA sample
(150 ng brain tissue DNA)
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Baszler et al. (1999)

See Yamage et al. (1996)

ND; sensitivity of

Two-step seminested PCR

Np4, Np7

pNcS5 gene

seminested PCR was

not superior to

Np6, Np7

one-step Np6-Np7 PCR

Liddell et al.

See Miiller et al. (1996)

9 fg DNA per 250 ng
of mouse DNA

One-step quantitative PCR

Np6plus, Np21plus

pNc5 gene

(1999a, 1999b)

See Miiller et al. (1996) Miiller et al. (2001)

DNA equivalent to 1 tachyzoite

ND

Real-time PCR (probes)

One-step PCR

Np6plus, Np21plus
Np4B, Np21B

pNcS5 gene

Bergeron et al. (2001)

Collantes-

See Yamage et al. (1996)

T. gondii

pNcS5 gene

DNA equivalent to 0.1 tachyzoite

genomes (10 fg)

Real-time PCR (Cyber green)

Nc5fwd, NcSrev

pNc5 gene

Fernandez

et al. (2002)
Lally et al.

in 100 ng mouse brain DNA

25 tachyzoites in
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T. gondii, S. muris,

Two-step nested PCR

Nc13F3, Nc13R2
Nc13F1, Nc13R4

14-3-3 gene

S. tenella, S. cruzi (1996a, 1996b)

5 mg brain tissue

ND, no data.

? Some information on analytical sensitivity in Guy et al. (2001).

° Analysed by Hill et al. (2001).

3.4.2.3. The internal transcribed spacer 1 (ITSI)
region of the rRNA gene. Among the ITS1 regions of
T. gondii, N. caninum, H. heydorni and H. hammondi
there are a number of sequence differences that allow
the establishment of species specific PCRs. Many PCR
protocols are published using the ITS1 region as the
target. In addition to single-step conventional PCRs
(Holmdahl and Mattsson, 1996), two-step nested
PCRs were developed (Buxton et al., 1998; Uggla
et al., 1998) and used in studies on the epidemiology
and pathogenesis of bovine neosporosis (Buxton et al.,
2001; Caetano-da-Silva et al., 2004b; Collantes-
Fernandez et al., 2002, 2005; Ferre et al., 2005;
Guy et al., 2001; McGarry et al., 2003; Ortega-Mora
et al., 2003; Pereira-Bueno et al., 2003; Serrano et al.,
2006; Trees et al., 2002; Van Maanen et al., 2004;
Williams et al., 2000).

Although two-step nested PCRs usually are superior
in sensitivity, they have the disadvantage of having a
higher risk of carryover contaminations. An alternative
are single-step (single-tube) nested PCRs which
combine the higher sensitivity of a nested PCR with
the lower risk of carryover contaminations in single-
step PCRs. Ellis et al. (1999b) developed a ITS1-based
one-tube nested PCR for N. caninum. An analytical
sensitivity of 1-10 fg genomic DNA of N. caninum
tachyzoites was reported for this protocol. One to 10 fg
DNA is equivalent to the genomic DNA of 0.1-0.01
tachyzoites. This is the highest analytical sensitivity so
far reported for a specific N. caninum PCR. This PCR
was recently used to examine aborted fetuses in Mexico
(Medina et al., 2006). Williams et al. (2000), Davison
etal. (2001) and McGarry et al. (2003) used the primers
of Ellis et al. (1999b) but in a two-step nested PCR.

3.4.2.4. The pNc5 gene. Kaufmann et al. (1996) and
Yamage et al. (1996) identified the obviously
repetitive DNA sequence in the N. caninum genome
(Miiller et al., 2001). The corresponding gene — the
pNc5 gene — seems not to exist in the genome of
T. gondii, S. cruzi, or H. hammondi although cross-
reactivity with S. cruzi was reported for one of the
evaluated primer pairs (Np5, Np6; Yamage et al.,
1996). Initially, several primer pairs were developed
(Np1 to Np8, and Np21). However, in addition to the
primer pair Npl and Np2 (Kaufmann et al., 1996) the
pair Np6 and Np21 appeared to be the most suitable
one (Yamage et al., 1996). A conventional single-step
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PCR using these primers was able to detect one
tachyzoite in 2 mg brain tissue. This PCR has been
used in many studies (Basso et al., 2001; Dreier et al.,
1999; Edelhofer et al., 2003; Gondim et al., 2001,
2004a; Hill et al., 2001; Huang et al., 2004a, 2004b;
Kobayashi et al., 2001; Koyama et al., 2001;
Lemberger et al., 2005; McAllister et al., 1998,
1999; McGuire et al., 1999; Meseck et al., 2005;
Moskwa et al., 2003; Rodrigues et al., 2004; Sawada
et al., 2000; Schatzberg et al., 2003; Spencer et al.,
2000; Sreekumar et al., 2003, 2004). Recently the
primers Np6 and Np21 were also used to establish an
in situ PCR to detect N. caninum DNA in histological
sections (Loschenberger et al., 2004).

Some working groups used the primers Np4, Np6
and NP7 to detect the pNc5 target (Baszler et al., 1999;
Kim et al., 2002; Rettigner et al., 2004; Soldati et al.,
2004). Others have modified published primers to
amplify fragments of the pNc5 gene (Bergeron et al.,
2001) and have developed their own primers
(Collantes-Fernandez et al., 2002) which were used
in a quantitative PCR (see also Caetano-da-Silva et al.,
2004a, 2004b; Ferre et al., 2005; Ortega-Mora et al.,
2003). Miiller etal. (1996) developed a single-step PCR
using slightly modified primers Np6plus and Np21plus.
The amplicons were detected using a hybridisation
ELISA. This PCR method was able to detect one
tachyzoite in 1 mg tissue. Without hybridisation, but
using the modified primers, the PCR had a sensitivity of
1-10 tachyzoites in 1 mg tissue. The primer pair
Np6plus and Np21plus have been used by the majority
of studies were a N. caninum PCR was applied (Almeria
etal.,2002; Ammann et al., 2004; Dijkstraetal.,2001b;
Dubey etal., 1998b,2004; Eperon et al., 1999; Gottstein
et al., 1998, 1999, 2001; Hissig and Gottstein, 2002;
Hassig et al., 2003; Henning et al., 2002; Harkova and
Modry, 2006; Liddell et al., 1999a, 1999b, 1999c;
McGarry et al., 2003; Miiller et al., 2001; Okeomacet al.,
2004a; Peters et al., 2000, 2001b; Pitel et al., 2002;
Reichel et al., 1998; Sager et al., 2001; élapeta et al.,
2002b; Sondgen et al., 2001; Schares et al., 1997;
Schares et al.,, 2005b; Van Maanen et al., 2004).
Recently, the primers Np6plus and Np21plus (Miiller
et al., 2001) were used in combination with the primers
Np6 and Np7 (Baszler et al., 1999; Yamage et al., 1996)
in a two-step nested PCR approach to detect natural
infections with N. caninum in mice, rats and sheep
(Hughes et al., 2006).

3.4.2.5. The 14-3-3 gene. Lally et al. (1996a)
developed a two-step nested PCR based on the 14—
3-3 gene. Although this gene is evolutionarily
conserved among eukaryotic taxa it was possible to
identify primers that proofed to by N. caninum-
specific using DNA from T. gondii, S. cruzi, S. tenella
and S. muris. This PCR was shown to be able to detect
25 N. caninum tachyzoites in 5 mg brain tissue. Dubey
et al. (1998b) applied this PCR to examine tissues of a
naturally infected dog.

3.4.3. Analytical specificity of PCRs developed to
detect N. caninum

For the majority of PCR protocols developed to
detect N. caninum DNA, it was shown that no
amplification products occur when the DNA of
T. gondii or S. cruzi is examined, which are both
parasites that may occur in tissues of infected
intermediate hosts (e.g. bovine fetuses) or environ-
mental samples (Table 4). Some of the PCR protocols
are further evaluated for their specificity using DNA
from further Sarcocystis sp., Eimeria bovis, Besnoitia
besnoiti, Hammondia hammondi and H. heydorni. In
one study DNA from bacterial pathogens was used to
demonstrate specificity (Ho et al., 1996).

Most diagnostic Neospora-PCRs were developed
prior to the description of another Neospora species,
N. hughesi (Marsh et al., 1998). It was not known if
primers developed for the diagnosis of N. caninum
would amplify N. hughesi DNA. Sequence informa-
tion is now available on the ITS1 and the 28S rDNA of
N. hughesi. When this sequence information is
compared with the published primer sequences for
N. caninum it becomes obvious that in all the available
PCR protocols reviewed in this paper, using ITS1 or
28S rDNA as a target, at least one primer has sequence
differences in at least one base-pair (Ellis et al., 1999a;
Schares, unpublished). It may be that these ITS1 and
28S rDNA based PCRs for N. caninum either do not
detect N. hughesi DNA or with reduced sensitivity.
Prior to the use of these primer pairs to detect
N. hughesi DNA, an evaluation of their sensitivity is
necessary. The amplification of the pNc5 gene
fragments by Np6 and Np21 could not be demon-
strated using N. hughesi DNA (Basso et al., 2001;
Spencer et al., 2000). Therefore, it is very likely that
also the PCR using the modified primers Np6plus and
Np21plus (Miiller et al., 1996) are N. caninum-specific
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and do not amplify N. hughesi DNA. However, other
primer pairs also developed to amplify pNc5 gene
fragments (Baszler et al., 1999; Bergeron et al., 2001;
Collantes-Fernandez et al., 2002; Kaufmann et al.,
1996; Yamage et al., 1996) have not yet examined for
the amplification of N. hughesi DNA. Interestingly, no
N. hughesi-specific PCR is currently available.

3.4.4. Quantitative PCR

Quantitative PCRs are important tools to examine
the pathogenesis of bovine neosporosis and to assess
the activity of vaccines and therapeutic or prophylactic
drugs. Conventional single- or two-step PCRs are non-
quantitative but qualitative detection methods. All
quantitative PCRs, published as yet, are based on the
pNc5 gene. A first quantitative PCR was established as
a so called quantitative-competitive PCR (QC-PCR;
Liddell et al., 1999b; Van Maanen et al., 2004).
N. caninum-specific DNA is amplified in the presence
of an artificial competitor and examined in ethidium
bromide gels. Competitor titration allows the estima-
tion of copies of pNc5 gene per sample. This method is
labour intensive compared to real-time PCR
approaches (Collantes-Fernandez et al., 2002; Miiller
et al., 2002; Van Maanen et al., 2004). One real-time
PCR is based on detection of PCR products by specific
fluorescent probes (Miiller et al., 2002) and was used
to demonstrate development of infection in an
organotypic slice culture system for N. caninum
(Vonlaufen et al., 2002), for assessing vaccination or
drug trials (Cannas et al., 2003a, 2003b; Esposito
et al, 2005), and to study the cell biology of
N. caninum (Naguleswaran et al., 2003). Another
approach employs the double-strand DNA-binding
dye SYBR Green I (Collantes-Fernandez et al., 2002).
By using the SYBR Green I based real-time PCR the
amount of tachyzoites in the brain samples of aborted
fetuses was shown to range between 2.9 and
26.6 mg~" brain. This methodology was also used
recently to estimate the parasite load in various tissues
of fetuses aborted at different stages of gestation
(Collantes-Fernandez et al., 2005).
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